LIST OF ILLUSTRATIONS

Elevation:
In this report elevation refers to height above sea level.
INTRODUCTION
Measuring discharge in small, high-gradient streams using current-meter techniques presents formidable challenges (Kondolf and others, 1988) .
Accurate discharge measurement involves integrating subsection velocities and areas and is dependent on accurate measurement of depth and velocity (Marchand and others, 1984) . Difficulties with current-meter measurements can be caused by water velocities that are low or not perpendicular to the cross section being measured, rough channel bottoms, and shallow, uneven depths. Standard current-meter discharge-measurement methods may underestimate discharge in high-gradient streams where the velocity profile is non-logarithmic (Jarrett, 1984) . Where there is underflow, the current-meter method misses it entirely.
Measurement of discharge by dilution of a continuously injected tracer relies solely on the mass balance of the dilution of the tracer by mixing with the volume of flowing water. The measurement is not affected by the conditions that hamper the current-meter discharge method. As the tracer moves downstream, underflow water has an opportunity to mix with the surface stream and be included in discharge measurement.
As part of continuing research on chemical transport and stream-streambed interaction, lithium chloride was injected continuously for eight days at the upstream end of a 300-meter study reach of a third order stream. On the seventh day, sodium chloride and the fluorescent dye, rhodamine WT, were injected for 24 hours near the downstream end of the reach. Stream discharge was determined from the resulting tracer concentrations. Current-meter discharge measurements were made three times during the experimental period, at four locations along the reach.
Background
Previous investigations of Little Lost Man Creek (Bencala and others, 1984) and a stream with similar morphology others, 1984/1985) have indicated that there is exchange of water between the stream and the gravel zone. In short reaches of stream where the travel time of the surface flow is measured in hours, tracer tagged water has taken several days to displace or equilibrate with water in the gravel zones within the stream channel. The primary injection was at Site "Om", at the bottom of the map, the secondary injection was at Site "305m" and was sampled at Site "330m11 . Routine sample sites were at "-2m", M 52m", "99m", "137m" and "224m" and current meter sites at "62111", "150m", "224m", and "325m".
Purpose and Scope
This report was written with two purposes. First, data are presented showing differences between measurements of discharge in a small stream made by the current-meter method and the tracer-dilution method. The second purpose is to suggest the possibility that the differences between the measurements may be due to as much as four liters per second, or 25 percent of discharge, flowing through channel gravel.
FIELD SITE
Little Lost Man Creek is a third-order, pool-and-riffle, coastal stream within Redwood National Park, in northwestern California, about 40 miles north of the city of Eureka. The 10-km, north-northwest flowing stream drains an 2 2 area of 9.4 km (3.6 mi ) and is at elevations between 24 and 695 meters above sea level (Iwatsubo and others, 1975) . Discharge ranges from typical late summer lows of 6 L/s to a winter high of 5,700 L/s. Average annual rainfall is 1,780 mm at the Orick Prairie Creek rain gage, approximately 3 km northwest of the study reach. The study reach was 330 meters long, located in the lower section of the stream where the gradient was 0.018. The streambed sediments were poorly sorted and ranged from sand to boulder size. There was little clay and silt in the streambed permitting considerable water flow through the gravel (Bencala and others, 1984) . Of five shallow wells dug into the gravel bed in and beside the stream, two of which extended a meter below the stream bottom, none reached the lower limit of the gravel deposit, indicating that the gravel sediments, in these locations, were at least one meter thick. No precipitation occurred during the study period. Background concentrations of sodium and chloride just above the study reach were each approximately 6 mg/L. On the seventh day of the eight-day injection, a secondary injection of sodium, chloride, and rhodamine WT was made for 24 hours, starting at 11:02 a.m. on August 21, 305 meters below the primary injection. This secondary injection was intended for comparison with discharge calculations made from the primary injection. The stream was sampled hourly above the injection site at 300m, and below at 330m, using automatic samplers. Rhodamine WT loses have previously been observed within Little Lost Man Creek (Bencala and others, 1983) , however in this study the dye was used over a short mixing reach.
On August 14, 21, and 28, personnel of the U.S. Geological Survey field office in Eureka, California, measured discharge with a current meter following routine procedures (Buchanan and Somers, 1969) . Two measurements were made on each date at each site usually three to four hours apart.
Samples collected for chloride and sodium analysis were filtered through a 0.45 /on membrane and stored in darkness until analyzed a few months later.
Samples for rhodamine WT analysis were collected in glass bottles and kept in darkness until analyzed on August 25, 1984.
Samples were analyzed for chloride using a Dionex ion chromatograph .
Sodium was analyzed by atomic absorption spectroscopy using a Perkin-Elmer model 303 spectrophotometer, following the method described by Skougstad and others (1975) . Rhodamine WT fluorescence was measured with a Turner Designs Model 10 fluorometer. Because lithium is known to adsorb to sediments in this stream in as few as 62 meters (Bencala and others, 1984) , it was not measured in this experiment.
1. Use of a product name in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey TRACER-DILUTION DISCHARGE METHOD Discharge can be measured from dilution of a tracer by equating the increase in the stream tracer mass to the mass being added and solving for discharge (Kilpatrick and Cobb, 1985) . All tracer-dilution discharge measurements in this paper were made using continuous injection. Chloride is useful as a tracer in small streams because it behaves conservatively and is easy to sample and to measure. In typical streams, chloride is not appreciably involved in ionic exchange with the streambed (Kennedy and others, 1984) . As noted by Feth (1981) "The chemical behavior of chloride in natural water is very tame and subdued *** an element that is characterized by its existence in ionic form, and one that is stable with respect to chemical reactions that greatly influence the behavior of many other common elements." When ion chromatography is used to measure chloride, relative standard deviation is at most 1 to 2 percent at levels of a few milligrams per liter and analytical interference due to other solutes is rare.
Sample filtration is necessary only to prevent clogging of chromatographic columns and can be done by the chromatograph at the time of analysis. There is normally no need to store the samples chilled.
Sodium can exchange with other cations at charged sites on sediments.
However, it is a monovalent cation and is a weak competitor for exchange sites. Sodium sometimes behaves conservatively over short distances (Bencala, 1985) . 
CURRENT-METER DISCHARGE METHOD
Discharge measurements were made on Little Lost Man Creek using routine U.S. Geological Survey methods (Buchanan and Somers, 1969) . A Price pygmy meter, which is more suitable for shallow streams than the standard Price type AA current meter, was used to measure stream velocities. The stream was Longitudinal discharge for the averages of pairs of current-meter discharge measurements made on August 14, 21, and 28, at the four (three on Aug. 14) metering sites. substantially during the 3 to 4 hours between the two measurements. The measurements ranged from 10 to 19 L/s and the estimated standard deviation of the method was calculated to be 1.4 L/s for one measurement and 1.0 L/s for the average of two. There is no independent measurement of discharge in this experiment that can be used to determine if there is a systematic under or over registering of discharge by the current-meter method.
The decrease in discharge between August 14 and the two other dates is much greater than the precision of the current-meter method and is reasonable for a small stream recovering from the last rain on July 7. The longitudinal variation could easily be due to differences between the prepared gaging sites.
The average values of current-meter discharge for August 21 are shown again in figure 5 , along with discharge, for the same date, calculated for six sites from dilution of the primary chloride tracer. The discharges calculated from tracer dilution were clearly greater than those from current-meter measurements at each of the four sites.
Samples from the secondary injection of August 21/22, collected at "Site 330m", were analyzed for sodium, chloride, and rhodamine WT. Discharge was calculated from each hourly sample and the corresponding background sample from site "300m". The average calculated discharges were 15.98 ±0.25 L/s for chloride, 15.88 ±0.50 L/s for sodium, and 15.78 ±0.57 L/s for rhodamine WT.
The precision values are one standard deviation and assume that no change in discharge occurred during the 24-hour injection. These discharge values are shown in figure 6 along with the discharge values from the two current-meter measurements which averaged 13.0 L/s. Again, as in figure 5 , the currentmeter discharge values are less than the tracer-dilution discharge values.
The agreement between the three sets of tracer-discharge calculations indicates that the analytical techniques used were precise. This does not necessarily mean that the discharge calculations are accurate. All three tracers would have had the same hydraulic behavior, so to the extent that mixing was not complete, each tracer would have been equally affected. Squares, plus signs, and diamonds represent discharge by dilution of Cl, Na, and rhodamine WT, respectively.
The triangles represent the two current-meter discharge measurements.
Agreement of the sodium discharge calculations with those of chloride and rhodamine WT is evidence that sodium can sometimes act as a conservative ion.
For the 25-meter reach of the secondary injection, in which the observed travel time appeared to be less than 5 minutes, the discharges calculated from sodium were not different from those calculated from chloride or from rhodamine WT. Either the rate of adsorption was so low as to be trivial, or the reaction was fast and reached equilibrium within 13 minutes before the first sample was collected. Whichever the case, for this experiment, sodium behaved essentially as a conservative tracer.
The hourly background samples from Site "300m11 were also used as the downstream site to calculate discharge from the primary lithium chloride injection using the chloride analyses from Site "-2m", as the site above the Summary of measurement of discharge near Site "330m" by three methods. First, by chloride dilution over 300 meters of reach; second, by dilution of sodium, chloride, and rhodamine WT over 25 meters of reach; and third, by currentmeter method.
CONCLUSION
It has long been known that water occupies inter-gravel spaces in stteam channels and presumably moves down the channel as underflow. In some systems, that underflow can be large enough to measure. Furthermore, when such flow does occur it can affect discharge measurements to different degrees, depending on the method used to measure discharge. Not only can tracerdilution and current-meter methods result in different values, but the tracerdilution method seems to produce different results when used over different stream lengths.
